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I. INTRODUCTION
Nanoscale silicon has been intensively investigated and explored for its applications in microelectronics, photonics, and biomedical sensors. [1] [2] [3] Specific efforts have been concentrated in the development of new silicon nanostructures, including quantum dots, nanowires, or porous silicon (PS). Porous silicon has attracted much attention, especially in enhancing photo-emission. Much research efforts have been invested to realize an optical device with porous silicon, [4] [5] [6] but the inefficiency 7 and instability 8 of optical characteristic in PS still remain. In addition, silicon nanowires (SiNWs) are also ideal candidate for the study of physics of lowdimensional systems. It has potential impact in realizing nanoscale interconnects and functional device elements in future nanoscale electronic and optoelectronic devices. 9, 10 The field of SiNWs synthesis represents an exciting and rapidly expanding research area. Considerable efforts have been devoted to the development of versatile and controllable methods for the synthesis of SiNW. These methods can be broadly classified as: (i) bottom-up, and (ii) top-down approaches. The bottom-up approach involves the construction of desirable nanostructures from the basic components, i.e., from the atomic level to the nano-or micro-scale wires. This method is useful for the fabrication of low-dimensional heterostructure based devices in large quantities. 11, 12 Using bottom-up, SiNWs were first obtained by vapor-liquid-solid (VLS) method, 13 followed by an etching step to create nanowires. The VLS method has been implemented in a variety of techniques, such as pulsed laser deposition (PLD), 14, 15 gas-phase molecular beam epitaxy (GS-MBE), 16 chemical vapor deposition (CVD), 17, 18 laser ablation, 19, 20 and oxideassisted growth techniques. 21 Top-down approach seeks to fabricate SiNWs from high quality single crystal silicon wafer or thin film. Silicon nanowires have also been realized using lithographically defined patterns, or spin-coating of nanospheres as etched mask, 22 followed by etching of the nanowires using plasma processing technique. The fabrication of silicon nanowires using the metal-assisted electroless etching method has also been adopted. [23] [24] [25] The silver (Ag) ions in an ionic solution of hydrofluoric acid (HF) and hydrogen peroxide (H 2 O 2 ) have been used to prepare the arrays of SiNWs from single crystal wafers. 26, 27 The effects of various process parameters such as the etchant concentration of H 2 O 2 , etching time and postetch treatment on the morphology and optical properties of the SiNWs have also been investigated. 28 The fabrication of nanowires using this method does not require complex sample preparation steps. Furthermore, this technique is effective, having high throughput and low cost.
In this paper, we explore the effect of HF concentration on the formation of porous silicon nanowires (PSiNWs) with the aim of establishing a better understanding of the a)
Author to whom correspondence should be addressed. Electronic mail: boon.ooi@kaust.edu.sa. formation mechanisms of mesopores and nanocrystalline structures in the PSiNWs. A qualitative model based on the SEM observations with inferences from PL, high resolution TEM, and XPS will be developed.
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II. EXPERIMENTS
PSiNWs were fabricated by Ag assisted electroless etching method from a n-type Si wafer (100) with a resistivity of 0.01-0.02 X cm. The Si wafers were cleaned using acetone followed by ethanol for 5 min in an ultrasonic bath. Next, the wafers were immersed in a piranha solution H 2 The surface morphology of PSiNWs was investigated using a FEI's Magellan 400 FEG SEM operating at 5 keV beam energy. The crystal structure, size of Si crystallites, and the average pore size were measured using the FEI's TitanG 2 80-300 TEM. X-ray energy-dispersive spectroscopy (EDS) analysis of PSiNWs was carried out with an x-ray detector from EDAX (EDAX, Mahwah, NJ) attached to the TEM. Energy filtered TEM (EFTEM) was also performed to separate the crystalline phase of Si from its amorphous oxide phase using a GIF Tridiem TM post-column energy filter from Gatan. The photoluminescence (PL) measurements were performed at room temperature using the Jobin Yvon LabRAM ARAMIS system. A 8 mW diode-pumped solid-state (DPSS) laser emitting at 473 nm was used as the PL excitation source. The XPS studies were carried out in a Kratos Axis Ultra DLD spectrometer equipped with a monochromatic Al Ka x-ray source (h ¼ 1486:6 eVh) in 1 Â 10 À9 Torr vacuum. The spectrometer dispersion was adjusted to give a binding energy of 932.63 eV for metallic Cu 2 p 3/2 . Samples were mounted in floating mode in order to avoid differential charging. 29, 30 Charge neutralization was required for all samples. Binding energies were referenced to the C 1s binding energy of adventitious carbon contamination which was taken to be 284.80 eV. The measured data were analyzed by fitting the individual peaks with a Gaussian (70%)-Lorentzian (30%) function.
III. RESULTS AND DISCUSSIONS
In the presence of Ag catalyst, an increase in HF or H 2 O 2 concentration in electroless etching method is analogous to an increase in the current density in electrochemicalbased methods. 31, 32 In both cases, increasing the H 2 O 2 or HF concentration increases the oxidation rate and dissolution rate, respectively, resulting in nanostructures with varying optical properties. 33 Fig. 1(i) , a typical 3D-tomography observation was conducted using a TEM and 3D reconstructions were achieved using a simultaneous iterative reconstruction algorithm of consecutive 2D slices in Fig. 1(f) . The pore sizes present a distribution from 10 to 50 nm, with an estimated measurement error of 10%, and these pores go inside the nanowire showing similar structure to porous silicon. An average distance between two neighboring pores of lower than 5 nm has been observed. These mesoporous structures are expected to show strong quantum confinement effects. The variation of NWs length, and NWs diameter with increasing HF concentrations were measured and analyzed using SEM and TEM, and the results are tabulated in Table I . The NWs length shows significant changes, while the NWs diameter varies from 80 nm to 210 nm for samples indicating the dominant effect of vertical etching enhanced by Ag catalyst with preferential etching along the low atomic density plane in
[001]. An increase in aspect ratio from about 9 to 12 and 27 has been calculated for NWs samples etched with 1.8 M, 2.8 M, and 4.8 M HF concentration (Figs. 1(a), 1(c), and 1(e)). However, the aspect ratio reduces to about 9 for NWs etched with ( Fig. 1(g) ) signifying a change in etching mechanism with faster lateral chemical etch.
To identify the causes of the transition point between the vertical-dominant to lateral-dominant etching in the chemical process, the pore-density of the nanowires have been examined thoroughly. The TEM images show clearly that samples prepared with 4.8 M of HF concentration present relatively high pore density compared to samples prepared with 5.8 M of HF. The monotonic increase in the pore-density evidently showed that lateral oxidation process at a fixed H 2 O 2 concentration dominates at low HF concentration of 4.8 M due to a limited HF dissolution rate. As HF concentration increases, the HF dissolution rate increases to the extent that the PSiNWs apexes were effectively dissolved at the highest HF concentration of 5.8 M, forming conical PSiNWs. Hence, the reaction (dissolution) rate dominates the lateral PSiNWs chemical etching process at high HF concentration, while the diffusion of HF etching species and byproducts dominates at low HF concentration. In the following paragraphs, we further explain the role of Ag nanopartiules and ionic Ag þ in the formation of conical PSiNWs, the transport of etchant and other by products in the nanowires. 33 The Ag þ catalyzes the dissolution of Si through the formation of SiF 6 2À . It is apparent that the transport of Ag þ is isotropic while the AgNPs merely drop downwards. Hence, the AgNPs facilitated the nanowire formation through vertical chemical etching, while the isotropic diffusion of Ag þ promoted lateral chemical etching and pore formation as illustrated in Fig.  2(a-i and a-ii) .
The Ag þ may be chemically reduced by the n-type silicon nanowires 34 forming Ag particle that redeposited onto the sidewalls forming new Ag nucleation sites, and therefore the new localized lateral etching pathway. Furthermore, the nucleation of the AgNPs on the side-walls would also reduce the Ag þ concentration locally, and accelerates the Ag þ diffusion in the lateral direction. The laterally diffused Ag þ will continue to catalyze the chemical etching of the sidewalls of Si. Since the upper Si nanowires are exposed longer to the solutions, larger Si volume dissolves at the top (and creating more mesopores) than the bottom of the nanowires (Figs. Fig. 1(e) . Furthermore, increasing the HF concentration accelerates the process described in our qualitative model; with the Ag $ Ag þ þ e À reversible reaction continues to penetrate the nanowires laterally to catalyze the HF/H 2 O 2 chemical reaction forming mesopores. Eventually, the mesopores merged leading to a reduction in length and pore-density, with the formation of conical PSiNWs in Fig.  2(d-i and d-ii) .
2(b-i and b-ii) and 2(c-i and c-ii)), consistent with the TEM image shown in
Optical properties of the PSiNWs samples have been investigated using PL spectroscopy. It is known that the mesoporous silicon nanostructure, gives rise to strong visible emission. 35 Figure 3(a) shows the PL spectra of the samples etched with HF concentrations of 1.8, 2.8, 4.8, and 5.8 M with a constant H 2 O 2 concentration of 0.5 M. It is observed that the asymmetric PL spectra have two dominant peaks around 700 and 760 nm. The sample etched with 4.8 M HF concentration has an additional hump at 670 nm. The highest PL peak at 760 nm is related to the emission from Si-O bond. 35, 36 In our case, we observe in Fig. 3(a) that the increase in integrated intensities of the broadband PL emissions correlates well with the increase in pore densities for samples etched using 1.8-4.8 M HF concentrations. With a HF concentration of 5.8 M, a reduction in PL integrated intensity is again consistent with a reduction in the pore-density of PSiNW.
After HNO 3 and HF treatments for 5 min to remove the oxide, all samples show similar PL peak wavelength at 800 nm (inset of Fig 3(b) ). However, without samples with HF treatment show a significant blue-shift with PL wavelength peak at 700 nm ( Fig. 3(a) ). This blue-shift and increase of PL intensity have been attributed to the presence of defect states in Si-O x that has been confirmed by XPS.
This has been correlated to the red shift of PL spectrum that suggests the interfacial between Si and surface oxide, as well as the quantum confinement effect, plays a critical role in the light emission process (i.e., the presence of nanocrystallites with size <5 nm has been confirmed by HRTEM).
Several mechanisms have been proposed to explain the origin of strong PL emission for the indirect bandgap silicon material. These include: (i) the quantum confinement effects of free excitons within the Si-nanocrystallites, and (ii) SiO x / Si interface defects and/or defect states in the surface oxide, related to Si-O bond discussed in Sec. I. 23, 35, 37, 38 Comparing the PL spectra before and after HF treatment, we believe that existence of oxide plays a significant role in changing the emission property of the nanowires.
The quantum confinement effect dictates that the characteristic size of the Si-nanocrystallites should be less than the Bohr radius of the free exciton of bulk Si, which is around 5 nm. 39 From the TEM analysis, Si-nanocrystallites of <5 nm has been observed (Fig. 4(a) ). The inset of Fig. 4(a) shows the calculated fast-Fourier transform (FFT) of PSiNWs prepared using 4.8 M HF concentration. The FFT revealed the spatial frequencies corresponding to {111}, {220}, and {311} d-spacing of Si crystal structure. The presence of these d-spacing implies that the PSiNW was oriented along the h110i direction. This was expected as the (001) Si wafer was used to fabricate the NWs and etching was vertical with respect to the substrate surface. Also, the energy filtered TEM analysis of the top region of the PSiNW, shown in Fig. 4(b) , confirms the existence of Si nanocrystallites and silica amorphous structures indicating the possible strong PL emission from the highly quantum-confined Si nanocrytallite structures. This prediction correlates positivity with our previous discussion on the effect of pore-density on PL enhancement. The above argument further confirm our observation that samples etched with HF concentration of 5.8 M (i.e., with low pore and Si-nanocrystallites densities) results in a decrease in PL intensity. The evolution of PL peak intensity with HF concentration is hence consistent with the physical changes in the PSiNWs developed in our etching model.
The XPS measurements have been conducted to study the role of SiO x /Si interface defects and/or defect states in surface oxide to the broadband PL emissions in PSiNWs. Figure 5 exhibits the Si 2p core-level spectra having two peaks around 100.0 eV and 103.5 eV, which correspond to the silicon and silicon dioxide peaks. The lower binding energies near 100.0 eV, i.e., the Si 2p 3/2 (99.7 eV) and Si 2p 1/2 (100.1 eV) 40 spin-orbit splitting are well resolved. The inset of Fig. 5 shows the XPS spectra of the PSiNW etched using 4.8 M concentration of HF. The XPS spectra was fitted using 1 doublet (Si 2p 3/2 -Si 2p 1/2 ) (with a fixed area ratio equal to 2:1 and doublet separation of 0. [41] [42] [43] [44] indicating the absence of þ2 Si oxidation state. The SiO 2 peak was relatively broad compared to the Si peak due to phonon broadening. 45 Also, as HF concentration increases, the SiO 2 peak increases while the Si peak intensity decreases (Figs. 5(a)-5(d) ). This is expected based on our qualitative etching model, where Ag þ penetrates the nanowire to oxidize and dissolve Si materials forming mesopores, and tapered nanowires. The formation of mesopores further increases the surface to volume ratio of the nanowires, thereby accelerating the Si oxidation and dissolution rates. However, SiO 2 alone should not give rise to the PL emission. Rather, defect states would contribute to PL emission. Indeed, we observed Si 1þ (Si 2 O) and Si 3þ (Si 2 O 3 ) XPS signatures in the inset of Fig. 5 , which may originate from dangling bonds and volumetric stress that distorted the PSiNWs forming localized defect states. Therefore, the emissions from surface/defect states in oxide may contribute to the red PL emission, in agreement with the results obtained in Refs. 23 and 46, in addition to the contribution from quantum confinement effect.
IV. CONCLUSIONS
In summary, we have developed a qualitative etching model elucidating the conical PSiNWs formation using Ag assisted HF/H 2 O 2 electroless etching method and n-type Si substrates. We identified the primary etching pathway in a vertical and downward direction as a result of Ag particle catalysis along the (001) crystal orientation, and the secondary etching pathway in the lateral directions owing to the Ag $ Ag þ þ e À reversible reaction catalyzing the mesopores formation. The PL, TEM analysis, and XPS results showed evidence of the quantum confinement effect and oxide dangling bond/defect states in surface oxide, respectively, in contributing to the broadband PL emissions in our samples. The combination of the physical properties of SiNWs and mesopores can be potentially useful in optical sensors applications, and as anti-reflection layer for silicon-based solar cells.
